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摘要    针对目前距离变换方法在三维数字岩心中应用时, 搜索方向多、计算数据量大、耗费时间多、占用内存
大等问题, 提出一种基于几何拓扑学理论中空间邻居关系的新的距离化搜索算法. 根据岩石内部孔隙结构与二维
平面欧式距离求解方法, 引入一个三维空间距离游标进行辅助计算. 相比现有方法, 新的算法简化了邻居域欧式
距离值的比较规则, 避免了复杂的欧式距离结构体带来的大量运算, 且算法复杂度低, 可以被更好地理解和应用.
本文详细叙述了算法的具体实现过程, 并将该方法推广到具有缝洞特征碳酸盐岩数字岩心的孔隙空间分割工作
中. 结果表明该方法准确高效, 对于油气藏孔隙级微观描述具有现实意义. 

































距离 [14]等 . 为了保证欧氏距离的旋转不变性以及计










论 , 提出了多种欧式距离变换算法 [15~20], 但多适用
于二维图像 , 且大多效率不高或者太过复杂 [21]. 其
中Shih等人 [22]提出利用计算游标 , 通过传递像素间
相对地址的方式对二维图像快速扫描的方法 , 大大





现过程.   
1  欧式距离测度 
假设n维欧式空间En, 空间中存在任意两点x(x1, 
x2,···xn), y(y1, y2,···yn), 两点之间的欧氏距离公式定义
为 
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为     2, ,SE Ed x y d x y    . 
2  空间邻居关系域 
根据Kong与Rosenfeld[24]的理论, 三维二值图像










合. 假设空间V中的任一点q(q1, q2, q3), 则q点可被赋
值0(背景点, 如I[q]=0或I(q1, q2, q3)=0), 或者1(目标
点, 如I[q]=1或I(q1, q2, q3)=1).  
3  结合空间邻居域的欧式距离变换方法 










dE(p, r)=Min{d(p, r); rR}, 求解dE(p, r)的过程就是
三维欧式距离变换.  





图 1  邻接关系图. (a) 26 邻接; (b) 6 邻接 
Figure 1  Spatial neighbor relation. (a) 26 neighbor; (b) 6 neighbor 
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图 2  (网络版彩色)数字岩心孔隙空间的欧式距离变换图示. R为骨
架颗粒空间; P为孔隙空间; p为孔隙空间中一点; L1, L2, L3 为点p到空
间R的欧式距离 
Figure 2  (Color online) Euclidean distance transform of pore space of 
digital core. R: skeleton particles; P: pore space; p: a point of pore space; 















标, 其中心点p(图中菱形体)为平方欧氏距离待测点,  
 
图 3  (网络版彩色)二维图像距离计算游标和在二维图像游标扫描顺
序示意图 
Figure 3  (Color online) 2D cursor of distance calculation and its scan-
ning order 
 
图 4  (网络版彩色)三维游标以及距离计算示意图. (a) p点的欧式距
离计算示意图, 其中p点为待测点, q点为p点的某邻居点, b点为距离p
点最近的边缘点, L为p点与b点的最短平方欧氏距离, L1 为q点与b点
的最短平方欧氏距离, L2为q点与p点的最短平方欧氏距离; (b) L1距离
计算部分放大, 即q点与b点间的平方欧氏距离计算示意图 
Figure 4  (Color online) Schematic diagram of 3D cursor of distance 
calculation. (a) Euclidean distance calculation of point p, point n: the 
nearest neighborhood point of point p, point b: the nearest edge point of 
point p, L: the shortest square Euclidean distance between point p and 
point b, L1: the shortest square Euclidean distance between point q and 
point b, L2: the shortest square Euclidean distance between point q and 
point p; (b) magnification of square euclidean distance between point q 




离在另一3×3×3的三维游标中计算求得 , 为L1(图4 
(b)). 中 心点p到 邻 居点 q的 平 方欧 式距 离 为 L2(1≤  
L2≤3), 则L与L1, L2之间的关系有 
   T1 2 2 , , ,L L L p q q b   V R  
其 中 ,  ,p qV 为 点 p 与 邻 居 点 q 之 间 的 方 向 向 量 , 
( , ) ( , , ) {(1,1,1),(0,1,1), ,( 1,x x y y z zp q p q p q p q     V
1, 1)}  , R(q,b) 为 点 q 距 离 边 缘 最 近 的 方 向 向 量 , 
( , ) ( , , )x x y y z zq b q b q b q b   R . 









理成“空气”, 即不存在的空间. 具体实现方法是: 如
果在变换过程中, 若检测到被测点位于边界附近, 则
将它邻居域中属于空间O的邻居点赋值为任意一个
负值, 并且不再扫描它们的邻居点.  
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图 5  边界点处理示意图. R: 固体颗粒空间; O: 数字岩心以外的空
间; P: 孔隙空间; p: 孔隙空间中一点; L: p到空间R的最短距离; L′: p
到空间O的最短距离 
Figure 5  Sketch map of process of boundary point. R: skeleton parti-
cles space; O: space out of digital core; P: pore space; p: a point in pore 
space; L: the shortest distance between point p and space R; L′: the 
shortest distance between point p and space O 


















所有被测孔隙点的最短欧氏距离值 . 流程图如图6 
所示.  
 
图 6  基于空间邻居域的欧氏距离转换流程图 
Figure 6  Flow chat of Euclidean distance transform based on neigh-








4  实例分析与验证  
20世纪80年代初, Elliott研制了世界上第一台CT
机后, CT技术首先在医学领域被广泛应用. Lindquist








表 1  岩心数据体的基本参数 
Table 1  Basic parameters of cores 
岩心基本情况 数据来源 数据规模 分辨率(m) 欧氏距离变化范围 欧氏距离图 
具有明显缝洞特征的碳酸盐岩 ICCR国际碳酸盐协会 100100100 5.032 1~18 图9(a) 
含平板状裂缝的致密岩心 长庆油田致密油气藏 100100100 1.13 1~7 图9(b) 
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图 7  (网络版彩色)二值化三维数字岩心(a)以及孔隙部分(b)可视化
展示 
Figure 7  (Color online) Binary 3D digital core (a) and pore space (b) 
 
图 8  (网络版彩色)二值化裂缝型数字岩心(a)以及裂缝部分(b)可视
化展示 
Figure 8  (Color online) Binary 3D fractured digital core (a) and 
















法仅需5 min左右. 结果表明, 本文所述的距离变换
方法同样准确有效, 且计算时间短. 部分岩心距离变
换剖切图如图10所示. 













表 2  基于空间邻居域的欧氏距离变换方法与传统欧氏距离方法的对比 
Table 2  Comparison between traditional method of Euclidean distance transform and new method based on neighborhood in 3D space 
岩心基本情况 数据规模 计算方法 欧氏距离变化范围 时间复杂度T(n) 
具有明显缝洞特征的碳酸盐岩 100100100 传统欧氏距离方法 1~18 O(n!) 
具有明显缝洞特征的碳酸盐岩 100100100 基于空间邻居域的新方法 1~18 O(2n) 
 
 
图 9  (网络版彩色)缝洞型(a)和裂缝型(b)数字岩心距离变换结果可
视化展示, 颜色从深到浅代表其欧式距离由小到大 
Figure 9  (Color online) Euclidean distance map of fractured-vuggy 
digital core (a) and fractured digital core (b), colors from light to dark: 
Euclidean distance increase  
 
图 10  (网络版彩色)不同属性数字岩心距离变换结果展示 
Figure 10  (Color online) Distance map of different kinds of digital 
core 
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Summary for “一种新的三维欧式距离变换方法及在数字岩心中的应用” 
A new method of fast distance transform 3D image based on 
“neighborhood between voxels in space” theory 
WANG Xin1, YAO Jun2*, JIANG ZeYun3, ZHANG Qi1, ZHANG Zhen4, DUAN LiYa1 & JIA XinXin1 
1 Institute of Oceanographic Instrumentation, Shandong Academy of Sciences, Qingdao 266000, China; 
2 School of Petroleum Engineering in China University of Petroleum (East China), Qingdao 266580, China; 
3 Institute of Petroleum Engineering in Heriot-Watt University, Edinburgh UK EH14 4AS, Scotland; 
4 AsiaInfo’s Technology China Research Center, Beijing 100000, China 
* Corresponding author, E-mail: yaojunhdpu@126.com 
Digital core technology is a new type of tool for analyzing and explaining the flow characteristics and fluid distribution 
of reservoir. Digital core technology has been widely used in recent years to describe features of pose space and simulate 
the process of fluid flow. As the basement of segmentation of pore space and reconstruction of pore network, the 
improvement of distance transform method has great impact on the development of digital core analysis technology. The 
accuracy and computation speed of distance transform method can directly affect the size of digital data and the 
detailedness of pore network model. Euclidean distance transform is the most precise one among all the distance 
transform methods, which means it is suitable for processing digital core data and calculating distance map. For 
traditional Euclidean distance transform method application in three-dimensional space data, there exist problems, such 
as too many search directions, large amount of data, and time-consuming. Large-scale data of digital core is hard to be 
transformed by this method. Therefore, a new theory of space based geometric topology neighbor relationship distance 
search algorithm was proposed in this paper.  
By introducing theory of neighborhood in 3D space, the relationship between 333 neighborhood with whole core 
data can be constructed, the computational area is greatly narrowed so that computation speed can be improved markedly. 
Then, instead of calculating every distance between pore voxels and skeleton voxels, the Euclidean distance of a pore 
voxel can be obtained by scanning the distance value of its 333 neighborhood. Exact Euclidean distance map of digital 
core data includes large-scale data showed after only two-scans. Noteworthily, due to the disturbing of boundary points 
which out the range of data size, special treatment is needed to process the pore voxels which near boundary of digital 
core data. Compared to existing methods, according to the interior of the rock pore structure characteristics, we 
simplified the comparison rules of the neighbor domain Euclidean distance value so that we can significantly improve 
computing capacity and computation speed of the Euclidean distance transform method. By this way, a large number of 
operations by the complex Euclidean distance structure can be avoided. And the complexity of the algorithm is better 
understood and applied. This article describes the process of the algorithm in detail and the method is extended to 
characterize pore space segmentation work of digital cores. Fractured-cave digital core, fractured digital core and kinds 
of digital core data were transformed by the new method, the results show that the method is more accurate and efficient 
for the segmentation and reconstruction of pore space model. On this basis, pore structure characteristics of pore space 
can be extracted and analyzed by digital core technology, and more parameters like permeability, formation factor, and so 
on, can be simulated. This paper created a new distance transform method on digital rock identification and extraction, 
which laid a theoretical foundation for the efficient development of microscopic description of oil and gas reservoirs, 
especially for fractured and vuggy reservoirs. 
distance transformation, digital rock, 3D image, neighborhood in 3D space, the spatial geometric topology theory 
doi: 10.1360/N972016-00766 
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